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Long~Range Pulselength Scaling of 351nm Lasar Damage Thrasholds
S. R, Foltyn and L. John Jolin

Los Alamos National Laboratory
CLS-6 MS-JS64
Los Alamos, NM 87545

[n a series of experiments incorporating 3S5imm pulselangths
of 9, 26, 54, and B25ns, 1t was found that laser damage
thresholds 1ncreased as (pulselangth)®, and that the axponent
averaged @.36 and ranged, for differant samples, from 3.23-0.48.
Similar results were obtained when only catastrophic damage was
considered. Samples 1ncluded Al-03/5i05 in both AR and HR
multilayers, HR's of Sc 0 /510, and HFO /5105, aEG an Al-on-pyrex
mirror) 9ns thresholds uere between 0.2- 5 6 J/cm

When these data were compared with a wide range of othar
results - for wavelengths from @.25 to 10.6 microns and
pulselengths down to 4ps - a raemarkably consistent picture
emerged. Oamage thresholds, on average, increase approximately
as the cube-root of pulselangth from picoseconds to nearly a
microsecond, and do =n regardless of wavelength or material under
test.

Key words: Al-0x1 catastrophic damage: coating dafects; cimage
thresholds) excimar lasers) HfO5) multilayar dielaectric coatings:
pulselength scaling) Sc5031 XeF lasers.

1. Introduztion

Scaling of optical demage thresholds over a long pulsalength range has
bacoms i1ncreasingly important with the continued development of electron-
team pumped excimer lasers. Pulselengths of e-baam devices (0.5-2us) are
about tuwo orders of magnitude longer tham of eva.en.“» discharge lasers
typically usad 1n the laboratory, yat the latter provide the only raeliable
means to obtain high quality, statistically significant optical damage
deta.

'n order to develop a capability to predict microsecond thresholds
from 1@ nanosecond deta, a representative set of 35Inm optical coat'ngs was
teanted at pulselengths from 9ns to 625ns. In addition to messureament of
threshold scale factors, issues such as the functional form of pu’'-elength
scaling, scaling for catastrophic damage versus microscopic damage, and tha
influence of pulselength on defect density were studied.

A wealth of experimental pulselangth scaling data has appeared i1n the
literature over the past f1fteen years. Since the present results cover a
prev.ously unexplored region of long pulselength and short wavelength, a
survey o’ paet results was conducted to determine whether pulselangth
scaling under precent conditions diffars from that obtained previously.



2. Experimantal Conditions
2.1, Laser Operating Conditions

Table 1. contains a listing of laser sources and relevant operating
parameters for the four pulselengths employed 1n this work. The 9ns
measurements were made in a production test facility uncder standard
conditions for excimer-based testing at Los Alamos. The longer pulselength
work was conducted in an adjoining laboratory using a similar hardware
configuration and methodology. The newer excimer lasar i1n this facility
was asquipped with high-energy electrodes, producing a 26ns pulselength and
a more nearly square beam cross section. Increasing optical feadback from
4% to values betweean SO@X and 90X more than doubled the pulselength and, in
the case of SO% fesedback, doubled the output energy to 3SOmJ. For thase
tests, hovever, 90% was found to provide the smoothest temporal shape with
sufficient anergy (100-150mJ)).

The longest pulse was obtained with a commercial flashlamp-pumped dye
laser and second-harmonic genarator. LD-700 in methanol provided the
fundamental frequency, which was doublad to 35Snm in an angle-tuned ADP
crystal. Although the pulse repetition rate of this laser was
substantially lower than that used for the other tests, previous results
{1) at 308nm have demonstrated that threshclds are unaffected by pr¢f
variations below 25@0pps.

Temporal profiles for each pulselength are shown in figure 1,

Table |. Sources and Test Conditions

Pulsalangth® Laser Spotsize® Wavelength PRF

9ns XeF axcimer (Lumonics 8G1) Q.44mm 3Sinm 3Spps
26ns XeF excimer (Lumoqice 861T-4) Q.7imm 3Stnm 3Sppse
Sdns XeF excimer (Lumonice 861T-43° @.72mm 35inm 3%pps
§2Sns Frequeancy-doubled dye Q.44mm 395nm 0.Sops

(Candela UV-500)

8 FuNM, 2
b Mgan diameter @ 1/e¢ amplitude.
© Wwith 10% output coupling.



2.2. Test Samples

Six coating types were chosen for these expeariments to represent a
realistic cross section of 35Iimm optics. Multilayer dielectric reflectors
tncluded a narrow bandwidth design incorporating Al,04 and 8102, nlus
2¢703/5104, and two broadband examples of Hf05/5105. Designs were ali-
Quarterwave with a halfwuave overcoat, and enpfoyed a sufficient number of
layers to achieve 99% refleactance at 3Sinm. In addition, an A1203/8102 AR
coating was evaluated, as was a MgF,-overcoated Al mirior. Substrates for
the dielectric films were fused si1lica; the Al coating was deposited on

pyrex.
2.3. Test Methodolgy

Fach test 1nvolved the geaneration of a damage probability plot
typically 1ncorporating data from several samples: between S50 and 400 sites
wera tasted on each coating type at each pulselength., Three methods were
employed to scale results obtained at different pulselengths:

Method 1. Comparison of the 8X intercepts of linear regressioun *its
to the probability data

Method 2. Comparison of the lowest damaging fluence values:

Method 3. Cowparison of the lowest fluence values producing
catastrophic damage.

3. Results and Discussion

Short-pulse damage thrasholds from 0.2 to 5.6 J/cmz wore measured for
the six sample types. Perhaps SSX of the 35Inm optics tested at Los Alamos
fall within this range., Thresholds were typical for the antireflection
coating and the Al mirror, while the Sc203 reflector was somewhat above
average and the Al,0y reflector was a very waak axample of this coating
type. One reflector using Hf0, was near tha top of its normal range, the
other was at the bottom. Measured 9ns thresholds and scale factors (ratios
of 525ns to 9ns thresholds) appear i1n table 2.

Scale factors are seen to vary somewhat with meathod o’ comparison,
Since the variations are largest for coating types with shallow probability
curves, they can likely be attributed to uncertainty in the determination
of individual thresholds. In order to reduce the effect of thesa
uncertainties and also to more accurately represent the process normally
used to extract a thrashold from probability Jata, scale factors in the
discussion that follows are average values from Methods | and 2. Thase
methods involve microscopic damage events; considering only catastrophitc
damage (Method 3) gives similar results.



Table 2. QDamage Threshold Scale Factors: 9ns ~ 652Sns

Coating 9ns Damage Scale Factor for 625ns Thrashold

Materials Thrashold Mathod 1 Method 2 Method 3
Sc303/5:07 (HR)A 5.6 J/cm? 5.0 7.8 5.7
Hf05/6105 (HR)® 3.7 Jsem? 2.7 2.8 4.3
Al703/5105 (AR)D 1.5 J/em? 4.2 5.4 ---
Hf03/810; (HR)E 0.7 J/cm? 5.6 ‘.7 4.2
Al303/5105 (HR)® 0.5 J/cm? 6.6 9.0 3.7
Al on pyroud 0.2 J/em 2.4 2.9 2.9
Method 1. Intercept of linear ragression fit.

Methaod 2. Lowest damaging flueance.
Method 3. Lowest fluence for catastrophic damage.

a. Interoptics, Ltd.

b. Eroomer Reasarch Corp.
c. Laser Optics, Inc.

d., Mewport Corp.

Damage thragholds at all four pulselengths are summarized in figure 2.
Pownr-law fits indicate that threshold i(mprovement with pulselength rangas,
forr different sample types, from a fourth-root to a square-root dependence.
Thai*e 18 no correlation betwocen these scaling retes and any readlly
apparent or measureable property of the coatings such as index, thrashold,
benigap (21, or reflectance. A particularly good tl.ustration of this 13
the two examples of Hf0213102, which are assentially identical designs
proiduced by different vendors, and which have markedly different scaling
behavior,

Another observed difference between coating types was a change 'n the
dentity of damage-prone defects for 9ns versus 62Sns pulses. Since the
test upotsize for these two pulselengths was identical, slopes of the
probability curvas are Jdirectly related to defect Jansity (3). For the
Al:O,/Sxoz reflecter of figure 3, slopes are naarly identical after fluence
scaling: this tmplies that the defect density i1s the same for both
pulsnlengths. For the antireflection coating of the same materials (f1g.
4) thay are notably 4i1fferent, indicating a higher density for tha shorter
pulstiength. Half of the six coating typas exhibited no density variation
with pulselength while, for the othar half, short-pulse defect densitias
wore {-8x higher. Mgain, these variaiions in defect density were



uncorrelated with scaling rates or other readily apparent coating
properties.

4, Comparison with Othar Data

Figure S is a compilation of published scaling results at 351-3%5nm
with thresholds normalized to '3ns. In addition to the present work, three
indepandent data sets are i1ncluded:

1. A quarterwave single layer tesied at 355nm with 20ps and 27ns
pulselengths [4);

2. Eight materials in various thickness single-layers tested at 3S3nm
with Sns amd 1Sns pulselengths [S]

3. Five HR and four AR coatings tasted at 35! or 35S5nm with
pulselengths of 8.6, !, 5, and Sns [61].

The resulgg are ramarkably consistent., From @.6ns to 625ns average
scaling 19 tY°7¢ For the Walker, Rainer, and present results, both fast
(0.5-0.8) and slow (0.0-0.2) scaling exponents were observed.

Extending this comparison further s & listing, 1n table 3, of test
dats covering wavelengths from 248nm to 1®,6um and more thcn five decades
1n pulsalength [4-14), AQain, the results are remarksbly consistent.
While scaling exponents for individual tests vary widely, i{he average
scalinrg ratenhggoaAnearly constant value from 4ps to 62Sns., Thrasholds
tmprove as t"° *% for pitcosecond pulses, and continue to do so for
pulselengths up to a microsecond. [t is apparent from ihis complilation
that cube-root scaling - as opposed to square-root - 13 a more accurate
rule of thumb for the effect of pulaelenpth on damage threshold.

Nne final obsarvation 15 illustrated bv the 20ps datum of Newnam in
figure 5. Although this point falls within the error bars for an
individual measureament, i1ts poattion relative to the other data auggests an
inflection at about Ins., Such intlections - as well as othar forms of non-
powar law behavior - have been predicted in both tnclusion (15-17) and
avalanche (18] models 8! damage. Typically the tnflection or c¥rvoture 19
invoked to reconcile tY deperrience for short pulselengths and t' dependence
far long ones. From picoseacond %o microsecond pulselengths, this
transition from a conatant fluence regima to one in which the damaging
fiald ts constant 1a experimentally wneupportad: A simple power law
relationship provides & good cescription of uxperimantal rasults over the
entire range.



Table 3., Pulselength Scaling Comparison

Wavelength Pulselength Scaling Exponent?®

Reference (um) Range (ns) Range Average
Soileau (71 1.08 0.004 - 0.008 0.2 - 2.5 2.3
Bliss (81 0.69 2.020 - 23 2.4 - 0.5 2.4
Newnam (41 0.36 0.920 - 27 Q.2
Soileau (71 2.53 0.03 - @.15 ¢.' - 0.9 0.7
Deaton (91 0.27 .\ - 0.7 0.0 - 0.7 2.3
Milam (11 1,06 0.17 - 3.2 2.3 - 0.5 0.4
Lowdarmilk (111 1,086 .17 - 3.5 0.9 - 0.5 Q.3
Rainer (81 0.36 0.6 - 9 0.1 - 0.5 Q.3
Milam (121 1.26 1 -9 0.3 - 0.8 0.6
Newnam {131 10.6 1.7 - BS 2.2 - 0.3 0.3
Walker {81 0.27 5 - 15 0.0 - 1.0 0.5
0.36 § - 15 0.2 - 2.8 2.5

.53 S - 15 0.2 - 0.8 Q.5

1.06 S - 18 2.0 - 0.7 0.3

Boyar (141 0.25 19 - 38 2.2 - 0.5 0.3
This Work 0.35 9 - 825 0.2 - 0.5 0.4

2 The value of x in the relationship: threshold fluence oo (pulselength)®

S. Conclusions

In testing aix 351nm coating types, damage thresholds were found to
increase -~ from 9ns to 62Sns - at a rate viarying from the fourth-root of
pulselength to the squaire-root. The increase was the same for both
catastrophic and microascopic damage, and was not correlatud with any
readily apparant optical or physical property of the coatings.

A review of published puloeiength scaling deta indicates that the
present work 13 consisient with earlier findings: From the uv to the mid-
.~, and from plcoseconds to a microsecond, fluence thresholds 1mprove gn



averaoe as the cube-root of pulselength, while individual samples may scale
quite differently.

This wide range of scaling rates saverely limits the ability to
accurately predict individual long-pulse thresholds from short—pulse data.
As an example, ths present results indicate that a 3 J/cm® coating_at 9ns
can be expected to have a threshold anvwhere between 9 and 29 J/cm® at tus.

The authors wish to acknowledge the assistance of Bill Leamon who
produced most of the 3ns test results and also contributed to the tasting
at longer pulselengths.
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FIGURE CAPTIONS

Figure !, Oscilloscope traces and FWHM values for each of the pulselengths
used in this work.

Figure 2. Damage thresholds at 39, 26, 54, and 625ns pulselengths for six
different 35!nm coatingy types. Slopes of the lines, which represent best
linear regression fits to the data, indicate that thresholds scale at rates
ranging from fourth-root to square-root of the pulselength.

Figure 3. Damage probability plots for the A1a03/5102 reflectors at 9ns
and - with scaled fluence values - 625ns pulsetengths. After scaling, the
slopes are near!,; 1dentical indicating equal defect densities at each
pulselength.

Figure 4. Probability plots for Al>03/510, antireflection coatings. The
steepar slope for 9ns indicates a Ex higher density of defects for the
shorter pulses.

Figure S, Results of this work plus three other 351-35Snm data sets (refs,
<-4). All thresholds are normalized to !Ors. Symbols represent average
scaling for each data set; error bars represent extreme scaling valuas for
each set. Solid line 19qxcates the weighted average scaling for the range
9.6-62Sns, which jis tY-7¢ The dashed line i1ndicates the slope appropriate
for square-root scaling.



TEMPORAL PROFILES
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